ABSTRACT. Ultraclean field and laboratory procedures were used to examine trace element concentrations in northern Alaskan snow. Sixteen soluble trace elements and total mercury were determined in snow core samples representing the annual snowfall deposited during the 1993 -94 season at two sites in the Prudhoe Bay oil field and nine sites in the Arctic National Wildlife Refuge (Arctic NWR). Results indicate there were two distinct point sources for trace elements in the Prudhoe Bay oil field-a source associated with oil and gas production and a source associated with municipal solid-waste incineration. Soluble trace element concentrations measured in snow from the Arctic NWR resembled concentrations of trace elements measured elsewhere in the Arctic using clean sample-collection and processing techniques and were consistent with deposition resulting from widespread arctic atmospheric contamination. With the exception of elements associated with sea salts, there were no orographic or east-west trends observed in the Arctic NWR data, nor were there any detectable influences from the Prudhoe Bay oil field, probably because of the predominant easterly and northeasterly winds on the North Slope of Alaska. However, regression analysis on latitude suggested significant south-to-north increases in selected trace element concentrations, many of which appear unrelated to the sea salt contribution.
INTRODUCTION
The Arctic atmosphere is an important reservoir for atmospheric contaminants from agricultural and industrial regions of the Northern Hemisphere, including fly ash, heavy metals, nitrogen and sulfur compounds, radionuclides, polycyclic aromatic hydrocarbons, and pesticides (Thomas, 1973; Kerr, 1979 Kerr, , 1981 Rahn and McCaffrey, 1979a, b, 1980; Barrie et al., 1981 Barrie et al., , 1985 Daisey et al., 1981; Rahn, 1981; Rahn et al., 1981; Shaw, 1982 Shaw, , 1991a Barrie and Vet, 1984; Barrie, 1986; Rahn and Lowenthal, 1986; Jaffe, 1991; Jaffe et al., 1991; Landsberger et al., 1992; Li, 1993) . Global distillation and volatilization processes contribute many contaminants to the Arctic in gaseous form (Goldberg, 1975 (Goldberg, , 1976 Oehme, 1982; Rasmussen, 1983, 1984; Rasmussen et al., 1983; Rasmussen and Khalil, 1984; Slemr and Langer, 1992; Iwata et al., 1993) . However, most trace element pollutants are associated with submicron aerosols transported in air masses during late winter and early spring. Such aerosols contribute to arctic haze, resulting in reduced visibility (Shaw and Stamnes, 1980; Wallen, 1986) and pollutant concentrations of 10 to 100 times normal levels (Rahn and McCaffrey, 1979a, b, 1980; Rahn and Lowenthal, 1986) .
The principal source area of pollutants to arctic Alaska has been traced to central and western Asia (Shaw, 1976 (Shaw, , 1982 Kerr, 1979 Kerr, , 1981 Barrie et al., 1981; Lowenthal and Rahn, 1985; Rahn and Lowenthal, 1986) . Other important source regions, deduced from back trajectories and trace element ratios (involving arsenic, antimony, indium, selenium, zinc, and noncrustal manganese and vanadium), are the United Kingdom and Europe. Europe also appears to have provided almost half the sulfate in at least some of the arctic haze episodes (Lowenthal and Rahn, 1985) . Only a small fraction of the pollutants in Alaskan haze originate from southern Canada and the United States (Rahn and Lowenthal, 1986) . However, the contributions to northern Alaska from local sources, such as North Slope oil fields and windblown loess, have received only limited assessment (BP Exploration Alaska, Inc., 1991; Jaffe, 1991; Jaffe et al., 1991; Jaffe and Zukowski, 1993) .
Few studies have addressed the fate of contaminants in the Arctic. Atmospheric chemists have assumed low transfer rates to arctic ecosystems because arctic wet precipitation rates are low, and the dry deposition rate for the predominant aerosol-size range (0.05 -1 µm) is weak (Junge, 1977; Kerr, 1979; Heintzenberg, 1989) . However, Landsberger et al. (1992) have suggested that snowflakes, because of their larger size and slower fall rate compared to rain, might accumulate more air pollutants. Increasing evidence of high organochlorine pesticide and mercury concentrations in arctic marine mammals and fish (Bowes and Jonkel, 1975; Herron et al., 1977; Wright and Dovland, 1978; Heintzenberg and Larssen, 1983; McNeely and Gummer, 1984; Davidson et al., 1985 Davidson et al., , 1987 Davidson et al., , 1989 Peel, 1985, 1988; Bidleman et al., 1990; Gregor, 1990; Welch et al., 1991) indicates that the atmosphere may provide an effective mechanism for the transfer of certain pollutants to marine ecosystems. Other possible mechanisms include transfer of pollutants from riverine systems.
The fate of atmospheric contaminants in terrestrial ecosystems, particularly in arctic Alaska, is less well known than their fate in marine ecosystems, but may also be significant (Weiss et al., 1975; Jaffe and Zukowski, 1993; Ford et al., 1995) . Barrie et al. (1985) observed that the conductivity of an ice core from northern Ellesmere Island, Northwest Territories, Canada, increased 75% from 1956 to 1977 . Increased acidification of snow, which is likely to increase rates of release of metals from sediments and rocks, also has been observed during the past 20 years (Wolff and Peel, 1985; Wallen, 1986) , although there are discrepancies on the magnitude of change in pH that was observed. Increases in heavy metal concentrations have also been reported, including an increase in lead concentration, with 1.4 pg/L in approximately 2000-year-old ice, as compared to 150 to 200 pg/L in modern arctic ice (Murozumi et al., 1969; Peel, 1985, 1988) . Candelone et al. (1993 Candelone et al. ( , 1994 and Boutron et al. (1995) have also reported rises in cadmium (5 times), copper (3 times), lead (20 times), and zinc (5 times) on the basis of Greenland ice cores dating from approximately 1770 to the mid-1960s. The rise in trace metal concentrations recorded in the Greenland ice cores parallels the general increase in metal emissions, which resulted from the expansion of industrialization (Nriagu and Pacyna, 1988) . However, since the 1980s, organolead concentrations have dropped because of bans on using alkylated lead additives in gasoline in the United States and other countries (Lobinski et al., 1993) .
A major impediment in assessing the impacts of heavy metals and other trace elements on arctic ecosystems is the extremely low concentration (in the picogram-per-liter range) of most elements present in the precipitation. At such low concentrations, sample contamination becomes increasingly likely, and accurate analysis increasingly difficult (Herron et al., 1977; Mart, 1983; Peel, 1985, 1988; Boutron et al., 1995) . In this paper, we present results obtained using field-collection methods and analytical techniques specifically designed to reduce potential sources of trace element contamination and to increase the accuracy and precision of snow analyses. Results are reported for 16 soluble trace elements, 3 soluble major elements, and the total mercury from 11 arctic Alaskan sites, 2 in the Prudhoe Bay oil field and 9 in the Arctic National Wildlife Refuge (Arctic NWR). We also examine the geographical patterns and potential sources of these constituents in the samples. Results reported here are part of a comprehensive chemical analysis of Alaskan snow and moss (Hylocomium splendens) samples from the Prudhoe Bay area and the Arctic NWR; data for trace element concentrations in the insoluble material, nutrient concentrations, pH, specific conductance, and concentration of trace organic compounds will be presented in a separate article.
The objectives of this part of the study were as follows: 1) to determine the concentration of soluble trace elements (soluble fraction only) and total mercury (soluble plus insoluble fractions) in annual snowfall deposited during the 1993 -94 season because of atmospheric pollution in the Arctic NWR; 2) to determine the contribution of contaminants caused by local sources in the Prudhoe Bay oil field; and 3) to provide baseline data using total annual snow accumulation as a record of atmospheric pollutants in case the Arctic NWR is opened for oil exploration and development. One of the questions examined is whether depositional processes are accelerated in the foothills and mountains (Wright and Dovland, 1978) . We also investigate whether there are significant linear relationships between the concentrations of various trace elements in the snow and the distance to the coast, as reported by Landers et al. (1995) in northern Alaskan mosses and lichens, and whether there are any latitudinal or longitudinal gradients in trace element distribution.
STUDY AREA
The study area extended from the foothills of the Brooks Range to the Beaufort Sea coast and covered approximately 28 000 km 2 in the central and eastern parts of the North Slope of Alaska (Fig. 1) . Eleven sites were sampled along four approximately equally spaced longitudinal transects-one through Prudhoe Bay, one along the Canning River on the western edge of the Arctic NWR, one originating near Barter Island in the central part of the Refuge, and one through Demarcation Bay on the eastern edge of the Refuge, near the Canadian border. Three sample sites were selected along each of the four longitudes, one within 1 km of the coast, one 10 -30 km farther inland, and one 22 -70 km south of the coast in the foothills of the Brooks Range. The foothill sample for the Prudhoe Bay transect was not collected because of logistical constraints. Sites were selected in reference to the coast and the foothills, with the aim of having the inland site approximately midway between the foothill and coastal sites. This sampling pattern was designed to evaluate potential differences in trace element deposition among coastal, inland, and foothill sites, to identify any east-west trends in trace element deposition, and to quantify trace element contributions from Prudhoe Bay oil field activities.
METHODS

Field Procedures
Samples were collected in early May 1994, to obtain the cumulative seasonal snowfall immediately prior to the spring melt. On the basis of previous polar snow studies, care was taken to avoid possible sources of contamination. Snow samples generally were collected over frozen lakes, ponds, or rivers to avoid contamination from soil and vegetation. Prudhoe Bay sites were accessed by road, and samples were taken 300 -500 m from any roads in snowfields overlying frozen lakes. The remaining nine Arctic NWR sites were accessed in a helicopter, which landed approximately 300 m downwind of the preselected sample site. Accurate site locations were determined using a geographical positioning system. Site locations and ancillary information on the snow samples collected are listed in Table 1 .
Tools used in the excavation and collection of the snow samples were selected to be noncontaminating and were thoroughly cleaned before use. The aluminum shovel, used to excavate the snow as well as to collect the hydrocarbon samples, was rinsed with HPLC-grade hexane, then HPLCgrade acetone, and wrapped in clean aluminum foil, dull side in. Large and small polyethylene scoops were used to obtain a clean side-wall at each excavation site and to collect the snow samples. The scoops were precleaned with dilute hydrochloric acid, Millipore Milli-Q deionized water, and then sealed in polyethylene bags.
Mercury sample containers were wide-mouth, 2 L, screw cap, perfluoroalkyoxy-polymer (PFA Teflon) jars and lids. The bottles were precleaned at Frontier Geosciences, Seattle, Washington, by heating in Baker reagent grade 4N hydrochloric acid for 40 h at 75˚C in a clean room oven, and then thoroughly rinsed with doubly distilled water (DDW) having a confirmed low mercury concentration (≤ 0.5 ng/g). The sample jars then were filled with 0.5% (volume:volume) HCl in DDW, hermetically sealed, and double-bagged in polyethylene bags while inside a Class-100 clean station, prior to being shipped to the collection site.
Trace element snow samples were placed in precleaned, 33 cm × 46 cm PFA bags. These bags were precleaned at the U.S. Geological Survey's (USGS) National Water Quality Laboratory, Arvada, Colorado, by leaching the inside and outside of each bag with 5% HNO 3 for 48 hours at 25˚C, thoroughly rinsed with doubly deionized water, air dried, and individually packaged inside two similarly precleaned polyethylene bags. All bags were cleaned and packaged inside a Class-100 clean room equipped with high-efficiency particulate (HEPA) filters.
Tyvex outerwear and talc-free latex gloves were worn by both individuals while sampling in the field. Surgical masks were worn when wind velocities were less than about 8 km per hour. Thereafter, a "clean hands/dirty hands" technique was used, with one person opening storage containers and outer bags of equipment and sample containers, while the designated "clean hands" person opened the precleaned sample containers and used the precleaned sampling tools to collect the snow samples. In the case of the Demarcation Bay sites, one person served both functions, donning new gloves as needed to do "clean" work.
At each site, an aluminum shovel was used to dig a trench to expose a vertical snow wall. After the trench was completed, a precleaned rectangular polyethylene scoop was used to trim a 5 -10 cm layer away from the trench wall to remove snow that had contacted the aluminum shovel. Snow was then collected from the excavated face of the wall, by removing a rectangular vertical core with the polyethylene scoop. A single mercury snow-core sample and three trace element snow-core samples were collected at each site. Immediately after each mercury sample was taken, the respective sample 100 m. Snow at this site included obvious pollen and small insects. The analytical laboratory also reported woody debris in several samples. At the Canning River coastal site, researchers encountered underlying tundra rather than lake ice, and additional attempts to locate the pond failed. Cobbles were encountered at the Barter Island and the Demarcation Bay foothill sites. In both these cases, the lowest snow layer was not sampled to avoid possible contamination with vegetation or debris.
Laboratory Procedures and Data Quality Assessment
Mercury: Mercury was determined by Frontier Geosciences on whole, unfiltered snowmelt samples using picogram-level methods (Bloom and Crecilius, 1983; Bloom and Fitzgerald, 1988; Liang and Bloom, 1993) . Immediately on arrival at the laboratory, 1.0 mL of 0.2N bromine monochloride in 12N hydrochloric acid was added to each frozen sample, and the sample was allowed to thaw and oxidize overnight. Snowmelt volumes for the samples varied from 320 -470 mL. The following day, 100 µL of 20% hydroxylamine hydrochloride solution was added to the mercury sample before transferring it into a bubbler containing 0.3 mL of a stannous chloride solution. The elemental mercury produced by the reducing agents was purged from the solution using nitrogen gas for 20 minutes and concentrated on gold-coated quartz sand as an amalgam. The mercury was released from the amalgam using heat and determined by cold vapor-atomic fluorescence spectrometry (CV-AFS). Calibration standards were prepared by serial dilutions of National Institute of Standards and Technology's (NIST) mercury spectrometric standard solution (NIST-3133). The method detection limit for mercury, determined in reagent blanks using the procedure described by the U.S. Environmental Protection Agency (1994), was 0.00001 µg/L.
Duplicates were analyzed on the field blank, field spike, and two snow samples. The mean relative percent difference (RPD) for all duplicates was 12%, indicating acceptable precision. Two replicate samples collected at one site were also analyzed. The RPD for these snow samples was 36%, indicating some within-site variability. The mean recovery of 0.008 µg/L mercury spiked into three different snowmelt samples was 94 ± 8%. Average mercury concentration in laboratory reagent blanks (n = 2) measured 0.00005 µg/L, indicating negligible reagent contamination. Acidified water in the precleaned PFA containers averaged 0.00042 µg/L mercury (n = 4) prior to shipment and sample collection. Mercury concentrations in an aliquot of the same acidified water stock solution after pouring it into a second precleaned PFA container at the Barter Island foothill site were 0.00229 and 0.00224 µg/L in duplicate analyses, indicating possible field contamination at approximately 0.00184 µg/L.
Other Trace Elements: Soluble trace elements were determined at the National Water Quality Laboratory. All snow samples were processed inside a Class-100 clean room. During the analyses, the samples were exposed to the jar was securely capped, sealed in the original precleaned bag, and then sealed inside the second precleaned bag. A field blank (dilute acid with a known low mercury concentration) and a spiked sample were also collected for mercury analysis. Mercury samples were collected first because of the low concentrations expected and the greater likelihood of inadvertent contamination. Unfortunately, freezing temperatures affected closure of mercury sample jars, resulting in several lids that were less than hand-tight on receipt at the analytical services laboratory. Snow samples for trace element constituents were collected after the mercury samples. An inverted plastic trash can with a cut-out bottom was used to suspend each PFA sample bag and to hold it open during snow collection. The bag was secured with a bungie cord covered with Tygon tubing. After the Teflon bag was filled, it was immediately sealed using interlocking precleaned plastic strips and returned to its original precleaned outer bag.
Samples were kept frozen after field collection, shipped frozen to Fairbanks, Alaska, by air courier in insulated boxes, and stored at approximately -10˚C. Immediately after the sampling was completed, mercury samples were deep-frozen to -50˚C and shipped to Frontier Geosciences for analysis the following day. Trace element samples were stored at -10˚C for several weeks before being deep-frozen to -50˚C and packed with dry ice in insulated boxes. Samples were then shipped to the National Water Quality Laboratory for trace element analysis.
Ancillary measurements included snow depth and snow density, except for the Demarcation Bay sites, where snow density was not measured because of logistical constraints. The snow density at these locations was estimated, however, on the basis of an algorithm developed by regressing the snow density and corresponding water volumes in the 2 L mercury containers from other locations (r 2 = 0.91, df = 7). Several difficulties were encountered during sampling. At the Canning River foothill site, deep snow precluded reaching the 300 m minimum distance from the helicopter; therefore, samples were collected at a distance of approximately environment only while inside a laminar-flow clean bench. Both the clean room and the clean bench used HEPA-type filtering systems. Upon reaching the laboratory, the snow was weighed and allowed to melt at room temperature inside its PFA bag. Between 1360 and 1850 mL of the snowmelt from each snow core was gravity filtered through a disposable, precleaned polypropylene filter funnel having a 47 mm diameter, 0.40 µm pore size, Nuclepore polycarbonate membrane. A new filter funnel and membrane were used for each snowmelt sample. After filtration, the filtrate was acidified to 1% (volume:volume) with ultrapure nitric acid, resulting in a pH of approximately 1. Filtration of the snowmelt removed particulate material greater than 0.40 µm; colloidal material less than 0.40 µm was retained in the filtrate. Trace elements associated with the colloidal material were quantified either by dissolution by the nitric acid or through entrainment of the acid-insoluble material into the plasma excitation source of the spectrometric technique.
Prior to elemental analysis, sample filtrates were concentrated by 10 times (10×) and 50 times (50×), using subboiling evaporation, to increase the accuracy and precision of the snow sample analyses by effectively reducing the limits of detection. The subboiling evaporation process used a custom-built graphite heating block maintained at a temperature of about 85˚C. The heating block was designed to evaporate 12 samples simultaneously using 250 mL polypropylene evaporation vessels. The heating block was covered with a polyethylene enclosure to minimize the possibility of contamination while the samples were evaporated within a polyethylene fume hood inside the clean room. Less than 72 h were needed to evaporate twelve 1 L samples to 20 mL. The original snowmelt filtrates (1×), original snowmelt filtrates concentrated by 10×, and original snowmelt filtrates concentrated by 50× were each analyzed three times.
Calcium, iron, silicon, and sodium were determined in the 1× filtrates only by inductively coupled plasma-optical emission spectrometry (ICP-OES) using a nitrogen-purged optical path Thermo Jarrel-Ash Model 61E spectrometer according to previously described methods (Garbarino and Taylor, 1979; Fishman and Friedman, 1989) . Aluminum, antimony, arsenic, barium, beryllium, cadmium, chromium, cobalt, copper, lead, magnesium, manganese, molybdenum, nickel, silver, strontium, thallium, uranium, vanadium, and zinc were determined by inductively coupled plasma-mass spectrometry (ICP-MS) using a VG Elemental PlasmaQuad PQ-1. Detailed information on the instrumental method is provided in Taylor and Garbarino (1991) , Faires (1993) , and Garbarino and Taylor (1994) . Method detection limits for ICP-OES and ICP-MS are listed in Table 2 .
During the analysis of the 1×, 10×, and 50× samples, either USGS standard reference water samples T121, T123, T125, and P17 or NIST trace elements in water standard 1643B were analyzed three times to verify the accuracy of the instrument calibration. Experimental means for all trace element standards were within 1.5σ of the certified most probable values. All coefficients of variation, used to estimate the precision relative to the average measured concentration, were less than 20%. A certified standard reference water sample and a multielement standard were diluted 1:10 or 1:50 prior to being evaporated with each batch of snowmelt samples to evaluate the accuracy of the evaporative process. USGS standard reference water sample T123 has most probable values based on interlaboratory analyses for all the trace elements determined in this study except thallium and uranium. The multielement standard contained every trace element except silver, strontium, and elements determined by ICP-OES. Recoveries for calcium, iron, magnesium, and sodium were not determined. A process blank (doubly deionized water acidified to 1%, volume:volume, with ultrapure nitric acid) also was evaporated with each batch to evaluate potential sources of laboratory contamination. The quality control data obtained using T123, the multielement standard, and the process blank are listed in Table 3 .
For the 10× evaporations, all trace element concentrations in the process blanks were less than the effective method detection limits (a factor of 10 lower than the concentrations listed in Table 2 ) except for aluminum, cobalt, and zinc. The mean concentration for aluminum (0.1 µg/L) was insignificant compared to the lowest measured aluminum concentration in the snow samples. However, the mean process blank concentrations for cobalt (0.08 µg/L) and zinc (0.2 µg/L) are potentially significant with respect to the reported lowest concentrations measured in the snow samples. At 50×, all trace element concentrations in the process blanks were less than the effective detection limits (a factor of 50 lower than the concentrations listed in Table 2 ) except for aluminum (0.04 µg/L), chromium (0.005 µg/L), cobalt (0.02 µg/L), manganese (0.009 µg/L), and zinc (0.05 µg/L). Only the mean process blank concentrations for chromium and cobalt are potentially significant.
Mean recoveries for T123 10× evaporations were within 1σ of the most probable value for all elements except for 8.0 ± 0.4 10 ± 1 5.5 ± 0.1 6 ± 1 8 ± 4 Antimony < 0.02 < 0.004 7 ± 2 6.3 ± 0.9 7 ± 1 6.17 ± 0.02 5.9 ± 0.4 5.6 ± 0.4 Arsenic < 0.06 < 0.01 20 ± 2 1 9 ± 2 2 0± 1 4.93 ± 0.08 4.5 ± 0.4 4.6 ± 0.6 Barium < 0.02 < 0.004 7.6 ± 0.9 7.1 ± 0.5 7.8 ± 0.6 5.0 ± 0.1 4.8 ± 0.3 5.1 ± 0.5 Beryllium < 0.02 < 0.004 8.1 ± 0.8 7.5 ± 0.6 7.9 ± 0.4 4.72 ± 0.07 4.7 ± 0.2 4.4 ± 0.5 Cadmium < 0.03 < 0.006 5.9 ± 0.9 5.3 ± 0.4 6.0 ± 0.2 4.9 ± 0.5 4.9 ± 0.5 5.0 ± 0.5 Chromium < 0.02 0.005 11 ± 1 9.3 ± 0.7 9 ± 1 4.94 ± 0.02 4.8 ± 0.4 5 ± 2 Cobalt 0.08 0.02 5.3 ± 0.8 5.7 ± 0.6 7 ± 2 5.23 ± 0.07 5.5 ± 0.7 7 ± 2 Copper < 0.02 < 0.004 10 ± 1 9.6 ± 0.3 10.7 ± 0.8 4.8 ± 0.2 4.7 ± 0.5 4.9 ± 0.4 Lead < 0.03 < 0.006 10 ± 2 9.7 ± 0.7 10.3 ± 0.7 5.09 ± 0.06 4.8 ± 0.4 5.0 ± 0.3 Manganese 0.02 0.009 14 ± 1 12.7 ± 0.9 13.5 ± 0.9 4.9 ± 0.2 5.0 ± 0.4 5.3 ± 0.4 Molybdenum < 0.02 < 0.004 9 ± 1 9 ± 1 9.8 ± 0. 6.7 ± 0.7 10 ± 2 5.1 ± 0.3 6.1 ± 0.4 9 ± 2 aluminum and chromium, and 50× evaporations were all within 1σ except for chromium, cobalt, and zinc. Slightly elevated concentrations for aluminum and zinc, presumably caused by laboratory contamination, are indicated in the 50× results. Recoveries for the multielement standard were also acceptable with the exception of aluminum and zinc. The field blank collected at the Barter Island foothill site was concentrated by 50× and analyzed by ICP-MS. Analyte concentrations in the field blank were either less than the method detection limits or insignificant with respect to the concentration levels measured in the snowmelt from this site except for barium (2.9 µg/L), copper (0.18 µg/L), and zinc (6.6 µg/L). Trace element and mercury concentrations measured in the field blank collected at the Barter Island foothill site were not subtracted from the analytical results from any collection site, including the Barter Island foothill site. However, these data provide an estimate of possible snow-sample contamination that may aid in interpreting results at the Barter Island site. The field blank data may also be applicable, to a much lesser extent, to the other sampling sites.
The nonparametric One-sample Sign Test was used to determine whether there was a significant difference between the 10× and 50× trace element results at the 95% confidence level. Results of the test suggest that there is significant difference between the 10× and 50× results for aluminum, arsenic, cobalt, silver, thallium, and vanadium. Since the concentrations of copper, manganese, molybdenum, strontium, and zinc were present at detectable levels in the 1× snowmelt samples, the 1×, 10×, and 50× results could be compared using the Kruskal-Wallis Test. This test indicated that any differences in the results for these elements were insignificant at the 95% confidence level.
On the basis of measured concentrations in the snowmelt samples in relation to the effective limits of detection, the accuracy and precision of the quality control results, and the average level of contamination in the process blanks, we report arsenic, chromium, molybdenum, strontium, vanadium, and zinc concentrations obtained from the 10× evaporations. Similarly, aluminum, antimony, barium, cadmium, copper, lead, manganese, nickel, and uranium concentrations were based on the 50× evaporation results. Cobalt concentrations are not reported because of the relatively high concentrations measured in the 10× and 50× process blanks; most beryllium, silicon (as SiO 2 ), silver, and thallium concentrations were less than the effective detection limits and are not reported.
RESULTS AND DISCUSSION
Trace Element Concentrations, Probable Sources, and Interrelationships
Measurable trace element concentrations in snow at the 11 sample locations are listed in Table 4 . Product-moment correlation coefficient matrices compare trace element concentrations between all Arctic NWR and Prudhoe Bay samples (Table 5) , and between the Arctic NWR samples only (Table 6 ). Different element associations are revealed by the two matrices. Stronger correlation coefficients (coefficients greater than or equal to 0.95, boldface in Tables 5 and 6 ) are generally shown among certain trace element pairs when Prudhoe Bay samples are included, which suggests discrete oil-field point sources. The results for the two Prudhoe Bay sites differ from the other sites and from one another. Snow at the Prudhoe Bay coastal site was enriched in aluminum, arsenic, barium, calcium, chromium, iron, manganese, mercury, nickel, uranium, and vanadium when compared to all other sites, including the inland Prudhoe Bay site (Table 4) . The mercury concentration is also of particular concern, since the concentration exceeds federal and state waterquality standards for the protection of aquatic life. The high correlation of mercury with aluminum, barium, calcium, and other drilling fluid-related elements means that mercury could be of widespread concern in the oil field. However, our mercury results were based on a single sample at each site; additional sampling is needed before any conclusions are drawn. Barium concentrations illustrate the geographical pattern observed for this suite of trace elements (Fig. 2) . In contrast, the inland Prudhoe Bay site was uniquely elevated in antimony, cadmium, copper, lead, and zinc compared to all other sites, as shown by the lead data in Figure 3 . These results suggest two distinct point sources of atmospheric contaminants within the oil field, a source or sources associated with oil and gas at the Prudhoe Bay coastal site, and one or more sources associated with incineration at the Prudhoe Bay inland site.
The coastal Prudhoe Bay site is immediately northwest of ARCO's Central Compression Plant and Central Gas Facility, the largest gas-handling facility in the world, with daily production of about 200 million m 3 of natural gas (Harry Engel, ARCO Alaska, pers. comm. 1996) . The main function of the facility is natural gas liquid (NGL) production. During upset conditions at the facility, natural gas or NGL, or both, may be flared as a safety precaution to prevent excess gas and NGL buildup in the plant, resulting in air emissions. Nickel and vanadium are the most abundant trace elements in petroleum, sometimes reaching thousands of parts per million (Yen, 1975; Clark and Brown, 1977) . Both trace elements are also enriched in atmospheric aerosols resulting from petroleum combustion (Lowenthal and Rahn, 1985; Nriagu and Pacyna, 1988) . Aluminum, calcium, iron, and manganese are also enriched at this site relative to the other sites and are typically regarded as having crustal origin (Lowenthal and Rahn, 1985; Heidam, 1986) . These elements, as well as uranium, probably become enriched at this particular site as a result of the entrainment of drilling formation components into petroleum products. Aluminum, barium, and chromium are also recognized indicators of drilling muds (Chow and Snyder, 1980; Gettlesen and Laird, 1980; Kalil, 1980; Liss et FIG. 3. Geographical distribution of lead. al., 1980) , including the drilling muds used at Prudhoe Bay (West and Snyder-Conn, 1987; Woodward et al., 1988) . We hypothesize that the metals enriched at the coastal Prudhoe Bay site relative to other sites resulted from natural gas or NGL, or both, emissions containing metals that were crustally derived, drilling mud-derived, and naturally occurring in the natural gas or NGL, or both.
The inland Prudhoe Bay site was enriched in trace elements, including antimony, cadmium, lead, and zinc, which are frequently associated with refuse incinerators (Greenberg et al., 1978a, b; Nriagu and Pacyna, 1988) . The site was on the southeastern side of Lake Coleen, downhill from a municipal and industrial solid waste incineration facility. During the winter of 1993 -94, the facility experienced problems associated with the secondary burner system that controls volatile and ash particulate emissions (Alfred K. Bohn, Alaska Department of Environmental Conservation, Anchorage, pers. comm. 1996) . These problems most likely resulted in the incomplete combustion of solid wastes. Also, lead-acid batteries were being improperly incinerated at this facility during the same period. Other intermittent point sources of trace elements at the inland site may include gasoline exhaust and several diesel electric generators from nearby service facilities that provide backup to electrical services.
Another suite of elements, including sodium, magnesium, and strontium, illustrates a third geographical pattern (Fig. 4) , a trend of concentrations that decrease with distance inland. These elements appear to be derived from sea salts, an association also observed in previous studies (Boutron and Lorius, 1979; Gjessing, 1984; Shaw, 1991b) .
Cluster analysis graphically demonstrates the relationships among trace elements in snow from all nine Arctic NWR sampling sites as well as the relationships between the Arctic NWR results and the results from the two Prudhoe Bay sites. When Prudhoe Bay sites are included, results of the analysis (Fig. 5a ) identify three major clusters having similarity coefficients equal to 0.95 or greater. Elements associated with Prudhoe Bay drilling operations and natural gas emissions (aluminum, barium, calcium, iron, nickel, and vanadium), sea salts (magnesium and sodium), and Prudhoe Bay incinerator operations (antimony, cadmium, copper, and lead) are clearly defined as individual clusters. Mercury results were not included in the cluster analysis, because only a single sample was collected for each site; however, the correlation matrix in Table 5 suggests that mercury is associated with drilling sources at Prudhoe Bay. When Prudhoe Bay sites are excluded from the data set, only one cluster having a similarity coefficient greater than 0.95 is indicated (Fig. 5b) . This cluster, having magnesium, sodium, and strontium, is most likely related to sea salts. Table 7 compares selected trace element concentrations measured in snow at Arctic NWR sites from our study to trace element concentrations in snow collected during different annual periods from northern Alaska, Greenland, Antarctica, and the eastern Arctic Ocean. Our results for cadmium, copper, and lead are remarkably similar to those of several previous studies in Greenland, and are consistent with deposition resulting from widespread arctic atmospheric contamination. Except for manganese, trace element concentrations are generally only two to three times those of Antarctica, indicating that northeastern Alaskan snow remains pristine despite much greater concentrations of trace elements in Arctic than in Antarctic atmospheric samples.
Comparison of Trace Element Concentrations with Previously Published Results
The trace element concentrations detected in this study were generally less than those reported by Weiss et al. (1978) for sites inland from Barrow, Alaska, and west of our study area. These Barrow sites were closer to potential air pollution sources from Asia. It is also possible that the earlier studies entailed some incidental contamination since ultraclean procedures have improved since 1983. Increased concentrations in some of the other studies could also be the result of lack of filtration. Snowmelt from our samples sometimes contained woody debris, pollen, and insects; if not removed through filtration, these impurities conceivably could have increased trace element concentrations. Mart's (1983) results were obtained over sea ice, where greater nucleation on salt particles, more blowing of snow, and other processes (e.g., sublimation or freeze exclusion of trace elements from underlying ice) could have altered trace element concentrations. In fact, wind-driven snow redistribution, sublimation, and individual snow events also may have influenced trace element concentrations measured in this study. However, the extent of any bias from these mechanisms is unknown.
Geographical Trends in Trace Element Concentrations
Within the Arctic NWR, no significant east-west (longitudinal) trends were observed in the data, and there was no obvious influence of the Prudhoe Bay oil field atmospheric contaminants. This result is consistent with the predominant easterly and northeasterly wind regime on the North Slope of Alaska and the relatively distinct point sources of contamination in the Prudhoe Bay oil field. Except for the elements associated with sea salts (magnesium, sodium, and strontium), no significant differences were identified among coastal, inland, and foothill sites in the Arctic NWR, indicating no significant, large-scale orographic effect. However, regression analysis of barium, cadmium, copper, lead, mercury, and vanadium on latitude revealed significant (p < 0.05) increases from south to north. Interestingly, these trends were not significantly related to distance from the coast, or to coastal, inland, or foothill location. Such trends may have been influenced by decreasing distances between the foothill, inland, and coastal sampling sites as longitudinal transects approached the Canadian border.
Potential Impact of Trace Elements Associated with Snow on Arctic Alaskan Freshwater
Arctic Alaskan freshwater may be particularly vulnerable to increased metal loading from atmospheric contamination since wetlands, ponds, and lakes receive all their water from precipitation and more than half of that water as snow (Miller et al., 1980; Liston, 1986) . These systems are naturally oligotrophic (Alexander et al., 1980) and particularly low in trace element concentrations (Hobbie, 1973; Snyder-Conn and Lubinski, 1993) . We compared the trace element concentrations in snow from the nine Arctic NWR sites with mean trace element concentrations in Arctic NWR ponds and lakes to evaluate the potential contribution of long-range atmospheric deposition of trace elements to aquatic ecosystems (see Table 8 ). Aluminum, barium, manganese, and zinc are the only elements present in snow at concentrations potentially significant to low-turbidity freshwater (snow-tofreshwater ratio greater than 8%). It is therefore possible that cumulative loading of these metals could become significant. However, the global atmospheric contribution currently seems to be quite small, and the concentration of trace elements actually retained as soluble species in the water column is likely to be lower than the calculated snow-to-freshwater ratios because of active sorption processes. Even at Prudhoe Bay, most trace element concentrations in snow are unlikely to have serious impacts on water quality. However, increased loading of aluminum, barium, copper, lead, and zinc could result in significant increased loading from the adjacent point sources of contamination, depending on sorption and sedimentation processes.
CONCLUSIONS
Results of this study have shown that accumulated annual snowfall in the Arctic can be used as a record of atmospheric pollution, specifically as an integrator of soluble trace element contribution to aquatic and terrestrial ecosystems during the winter season (about nine months). Using productmoment correlation and cluster analysis, we identified two TABLE 8. Data for freshwater and snow for selected mean trace element concentrations, in micrograms per liter, measured in the Arctic National Wildlife Refuge (Arctic NWR), Alaska, where < indicates that the mean concentration is less than the method detection limit or the snow-to-freshwater ratio is less than the stated value and n indicates the number of samples used to determine the mean. sources of trace elements in the Prudhoe Bay oil field-one related to oil and gas production and one linked to incineration of municipal solid waste. Even though trace element concentrations were found at measurable levels, all concentrations, with the possible exception of mercury, are less than established water quality criteria. Consequently, at 1993 -94 levels of contamination in snow, toxic trace element contributions to the hydrologic system from these point sources seem to be small. Trace element concentrations measured in snow samples collected from the Arctic National Wildlife Refuge provide benchmark chemical data that can be used in the future if the area is opened to oil-field development. Concentrations for many trace elements are similar to levels reported in snow from northern Alaska, Greenland, and the eastern Arctic Ocean. Most trace element concentrations are only a factor of two or three times greater than those of Antarctica, suggesting that snow in the Refuge remains relatively uncontaminated and unaffected by global atmospheric pollutants. There were no detectable trace element contributions from Prudhoe Bay oil-field operations, probably because of the localized nature of Prudhoe Bay trace element sources and the Refuge's upwind location relative to the prevailing wind direction. No significant longitudinal trends in trace element concentrations were observed. Except for elements associated with sea salts, there were no significant differences in trace element concentrations in snow collected from coastal, inland, and foothill sites. Nevertheless, slight latitudinal increases from south to north were identified for barium, cadmium, copper, lead, mercury, and vanadium. The results indicate that the potential for significant impact on aquatic ecosystems in the Refuge from toxic trace elements associated with the 1993 -94 snowfall was minor.
